The agent in wastewater sludge previously shown to reduce the heat required to inactivate reovirus (R. L. Ward and C. S. Ashley, Appl. Environ. Microbiol. 34:681-688, 1977) was "separated" from other sludge components and analyzed by infrared spectroscopy. The infrared spectrum of this material was quite similar to the spectra of commercial anionic detergents, and subsequent analyses of the fractionated sludge samples revealed that anionic detergents in sludge were copurified with the virucidal activity. Further measurements on the virucidal activities of specific detergents revealed that ionic detergents reduce the heat required to inactivate reovirus, that cationic detergents are more active than anionic, and that nonionic detergents are inactive. Several detergents were also shown to protect poliovirus and other enteroviruses against inactivation by heat. These results indicate that ionic detergents are the major component in wastewater sludge that reduce the thermal stability of reovirus and, in addition, that detergents are able to protect enteroviruses against heat.
Viruses belonging to the family Reoviridae are common pathogens of enteric origin which are routinely isolated from wastewater sludge. Reovirus is the prototype of viruses in this family and has been chosen to represent the group for studies involving enteric virus inactivation in sludge.
During an investigation on heat inactivation of enteric viruses in wastewater sludge, it was shown that sludge contains a component that greatly reduces the heat required to inactivate reovirus (15) . It was also shown that this agent does not accelerate heat inactivation of poliovirus, an enteric virus of the family Picornaviridae. Instead, a partially purified sludge fraction containing this agent was quite protective of poliovirus against heat inactivation. This result indicated that the agent may be the component of sludge previously found to protect poliovirus against inactivation by heat (18).
It has now been shown that wastewater sludge does, in fact, contain a component that both accelerates heat inactivation of reovirus and retards that of poliovirus and other enteroviruses. This component has been identified as surfactants or detergents.
MATERIALS AND METHODS
Cells and virus. Reovirus (type 3, strain Dearing) was grown and plaqued on L-cells in the manner given in a previous publication (16) . The undiluted preparation of this virus contained about 4 x 10' plaqueforming units (PFU)/ml. The growth and plaquing of all three strains of enteroviruses (poliovirus type 1, strain CHAT; poliovirus type 2, strain 712-Ch-2ab; and coxsackievirus B1) were carried out on HeLa cells as also described previously (14) . The starting titers of these enterovirus preparations were about 4 x 109, 5 x 109, and 5 x 109 PFU/ml, respectively.
Purification of the sludge agent. The procedure used to purify the agent in sludge that causes a reduction in the heat required to inactivate reovirus is based primarily on results reported in our previous publication (15) . There it was shown that the agent is originally associated with sludge solids but can be washed from these solids by blending with water. The agent obtained in the sludge washes was found to be resistant to heat (250 to 300°C for 30 min) and soluble at high pH, but it precipitated at low pH. It was subsequently shown that, after hexane extraction of the agent, its activity is found either in an interphase between the aqueous and hexane phases or dispersed between the interphase and aqueous phase. These combined results were used to design a procedure to separate the agent from other sludge components.
The general scheme for the separation procedure is presented in the flow diagram of Fig. 1 18 ,000 x g for 20 min, the volume of the supernatant (sample 5) was reduced to 250 ml by evaporation, and its pH was adjusted to 2.0. After another centrifugation (24,000 x g, 20 min), the pellet was resuspended in 450 ml of distilled water at pH 12.2 and again centrifuged (8,000 x g, 20 min). The volume of the supernatant was increased to 4 liters with distilled water (sample 6), the pH was adjusted to 10.6, and the material was blended with an equal volume of hexane. After separation of the phases by centrifugation (4,000 x g, 12 min), about one-third of the volume was a clear, colorless upper phase, about one-third was a clear, amber lower phase (sample 7), and the remainder was a viscous, white interphase (sample 8). The three phases were separated, the interphase was evaporated to dryness, and this material was analyzed by infrared spectroscopy. Samples obtained during the various extraction steps were all adjusted to volumes equivalent to the initial 4 liters and assayed for virucidal activity against reovirus.
Heat treatment and infectivity assay of vi- blue and 2 ml of concentrated sulfuric acid adjusted to 100 ml with distilled water), 1 ml of buffer (7.5 g of NaH2PO4H20, 12.4 g of Na2HPO4 7H20, 26.3 g of citric acid, and 10 ml of concentrated sulfuric acid adjusted to 250 ml with distilled water), and 10 ml of chloroform. After allowing the phases to separate, the chloroform phase was removed and its optical density was measured at 650 nm. To determine the concentration of anionic detergents in a sample, the optical densities of known amounts of SDS were determined by this method, and the results were used to generate a standard curve of optical density versus concentration. Concentrations of anionic detergents in the unknown samples were determined from this curve and expressed as equivalents of SDS.
RESULTS
Analysis of fractionated sludge for virucidal activity. To identify the agent in wastewater sludge that causes a reduction in the heat required to inactivate reovirus, this agent was separated from other sludge components according to the general scheme presented in Fig. 1 . Virucidal activity was monitored after each step by measuring the effect of a sample of fractionated sludge on the rate of reovirus inactivation at 45°C. For this assay, the pH values of the samples were carefully adjusted and maintained at 8.5, because pH was shown to have a large effect on the virucidal activity of the sludge agent (15) . Figure 2 shows the results obtained after each of the major purification steps. The unfractionated, anaerobically digested sludge used in this preparation (sample 1) had very little activity before removal of its liquid fraction (sample 2) by centrifugation. The finding that the virucidal activity associated with the resuspended solids (sample 3) was much greater than the original sludge indicates that a large portion of some protective material was removed with the liquid fraction but the virucidal agent stayed associated with the solids. The virucidal material was then washed from the sludge solids with distilled water (sample 4), dried, and heated to cause the decomposition of much of the remaining solid material. This resulted in no detectable loss of virucidal activity (sample 5). Precipitation at low pH followed by the removal of undissolved material by centrifugation at high pH (sample 6) also resulted in no loss of activity. Hexane extraction of this material caused the virucidal activity to be distributed between the lower, aqueous phase (sample 7) and the interphase (sample 8), but no activity was found in the upper, hexane phase. Because all of the virucidal activity was, at times, found in the interphase when lower concentrations of sludge were used in this experiment, it appeared that the material in the interphase might be of greater purity. Therefore, it was analyzed by infrared spectroscopy for the purpose of identifying the virucidal agent.
Infrared spectral analysis of the "purified" sludge agent. The infrared absorbancy pattern of the material obtained in the interphase after hexane extraction of the sludge agent was determined as a solid (KBr wafer) after drying. This pattern (Fig. 3A) could not be directly related to the published patterns of any highly purified compound. However, there are many similarities between this pattern and those of several commercial anionic detergents. For example, the pattern for an alkyl aryl sulfonate called Super Pearl (Fig. 3B) , manufactured by Colgate-Palmolive Co., has a number of peaks of relatively similar size in nearly identical positions. This result led to the suggestion that the unknown material might be a detergent. The physical properties of the agent (e.g., texture, foaming ability, color) and the chemical characteristics which allowed its purification in the manner described are in agreement with this conclusion.
Detergent measurement of fractionated sludge samples. The rification of this material (see Fig. 1 ). There are a number of methods used to measure detergent concentration in wastewater and its sludge, but the most common method is the methylene blue technique (1) . Although this method will not detect cationic or nonionic detergents, it should still be a fairly reliable indicator of detergent concentration because about 70% of the surfactants manufactured for use in commercial detergents are anionic (3).
The quantity of anionic detergents in 4 liters of digested sludge before the purification of the virucidal agent was found to be 3.1 g, calculated on the basis of SDS as the standard (Table 1) . About 80% of this material was recovered in the two washes (sample 4), and nearly 50% was still present after drying and heat treatment (sample 5). Furthermore, the low pH precipitation step was found to cause no additional loss of anionic detergents (sample 6). During hexane extraction the detergents became distributed between the aqueous phase (sample 7) and the interphase study. Therefore, all that remained to positively identify detergents as the antiviral agents in sludge was to demonstrate that these compounds are virucidal at concentrations comparable to that found in sludge.
Virucidal activity of SDS. A standard anionic detergent present in many commercial surfactants is the compound SDS. This compound is available in a highly purified form and was, therefore, tested for its virucidal effect on reovirus.
SDS at concentrations below and above that found for anionic detergents in sludge rapidly inactivated reovirus at 450C, whereas no detectable inactivation occurred under these conditions in the absence of the detergent (Fig. 4) . Furthermore, this compound is virucidal at temperatures well below 45°C (Fig. 5) , a property also found for the sludge agent (15) .
These results show that if the anionic detergents in sludge have virucidal activities comparable to that of SDS, the concentration of these detergents should be sufficient to cause the observed effects on reovirus. Therefore, the virucidal activities of a number of standard anionic detergents in commercial products were measured. To determine the structural features of a detergent required for activity, the virucidal effects of several cationic detergents, nonionic detergents, and compounds smaller than detergents but with similar structures were measured as well. .0 Relationship between detergent structure and virucidal activity. The structural features of detergents and detergent-like compounds required for virucidal activity against reovirus were determined by measuring the amount of virus inactivation in 0.1% (wt/vol) solutions of each compound at pH 8.5 during 20 min at 450C. The results of this experiment show that there is a clear distinction between active and inactive compounds (Table 2) . Accordingly, several conclusions can be drawn from the data.
The first conclusion is that the hydrophobic regions of these compounds must have a crucial minimal size to affect the rate of heat inactivation of reovirus (see compounds 1 through 6, 8, 9) . For example, sodium decyl sulfate (compound 6) differs from SDS (compound 7) by only two methylene groups but has very little activity under conditions where SDS is extremely active. A similar comparison can be made between nonyltrimethylammonium bromide (compound 9) and dodecyltrimethylammonium chloride (compound 20) .
A second conclusion is that detergents must be ionized in order to have virucidal activity. Several nonionic detergents were tested (compounds 10 through 14), but none contained de- tectable activity even though the hydrophobic regions of these molecules closely resembled those of active ionic compounds.
A third conclusion that can be made from the results of Table 2 is that active detergents can be either positively or negatively charged (see compounds 7, 15 through 21). However, as shown more explicitly in Fig. 6 , the positively VOL. 36, 1978 on October 27, 2017 by guest http://aem.asm.org/ charged compounds tested were much more virucidal than those with negative charges when present at the same molar concentration. Furthermore, the positively charged detergent BTC-824 P-100 was extremely virucidal, as shown by the finding that it caused the inactivation of more than 99.99% of the viruses when the sample was held at 4°C in this experiment.
In summary, these results show that ionic detergents have virucidal activities against reovirus comparable to or greater than SDS. It is concluded, therefore, that they are the agents in wastewater sludge responsible for reducing the heat required to inactivate reovirus.
Protective effect of detergents against heat inactivation of enteroviruses. In a previous publication (15) it was suggested that the agent in sludge responsible for accelerated heat inactivation of reovirus may be the same agent that was found to protect poliovirus against inactivation by heat (18) . Because it has now been established that the former is ionic detergents, it was of interest to measure the effect of detergents on heat inactivation of poliovirus and other enteroviruses.
The initial experiment was to determine the effect of SDS on the rate of heat inactivation of poliovirus type 1, strain CHAT. SDS is protective of poliovirus (Fig. 7) , and the maximum effect appears to be at a concentration of about 0.1% or 1 g/liter, a value nearly equivalent to that found for anionic detergents in digested sludge (see Table 1 ). This concentration of SDS was shown to be even more protective of two other enteroviruses, poliovirus type 2, strain 712, and coxsackievirus Bi (Fig. 8) . Therefore, it is clear that at least this detergent has opposite effects on the rates of heat inactivation of representative members of two different enteric virus groups, reoviruses and enteroviruses.
The effects of other detergents and detergentlike compounds on heat inactivation of poliovirus (CHAT) were then measured. Most compounds that were inactive against reovirus (see Table 2 ) also had little or no effect on heat inactivation of poliovirus (Table 3) . Similarly, most compounds that accelerated heat inactivation of reovirus were protective of poliovirus. However, there are several notable exceptions (see compounds 2, 10, 12, 18, 19 eral explanations for these discrepancies can be proposed, the reasons are not immediately apparent from structural considerations. It can be concluded, however, that detergents are at least one of the compounds of wastewater sludge that protect enteroviruses against inactivation by heat.
DISCUSSION
The agent in wastewater sludge that reduces the heat required to inactivate reovirus was shown to have several unique properties that allow its separation from other sludge components (15) . In retrospect, these properties correlate well with the eventual identification of the agent as ionic detergents, particularly anionic detergents. Although cationic detergents are produced in significant amounts (3) and used in commercial products which eventually become a part of sewage, they should have been lost in the purification procedure used in this study. This conclusion is based on the fact that anionic detergents become uncharged at low pH values, which causes them to become insoluble in aqueous solutions, but cationic detergents retain their charge at low pH and remain water soluble. Therefore, the low-pH precipitation step used in the purification procedure should have removed cationic detergents not removed in previous steps. The correlations between the infrared spectroscopy pattern of the purified agent and the patterns of several commercial anionic detergents support this conclusion.
Although detergents are apparently the main components in sludge that accelerate heat inactivation of reovirus, this does not eliminate the possibility that other sludge components have this activity as well. Furthermore, sludge also contains compounds that have the opposite effect on heat inactivation of reovirus and counter the effect of detergents. A significant amount of this protective material was removed with the supernatant after the initial centrifugation of sludge because more virucidal activity was expressed by the resuspended pellet than by the original sludge. A more detailed examination of the effects of the protective material will be made in the accompanying paper (17) .
Very few studies have been published concerning the effects of detergents on nonenveloped viruses, but even from these few it is evident that one detergent, SDS, has distinctly different effects on different strains of virus. Adenovirus is extremely sensitive to SDS, as shown by the finding that incubation at room temperature with 0.012% SDS causes rapid disruption of adenovirus particles (10 4, 8, 11, 12) . Detergents now represent another class of compounds with this activity. Because the mechanism by which protection occurs has not been determined, it is not possible to predict whether these compounds operate through common or different pathways.
The practical significance of the data reported here is dependent on several factors. One factor is that the results found for the strain of reovirus examined in this study be applicable to other members of the family Reoviridae, especially rotaviruses, which are thought to be the human viruses of greatest import in this group (2) . Another important factor is that the concentration of ionic detergents in sludge be sufficient to cause reovirus inactivation, even in the presence of protective substances found in sludge. Both raw and anaerobically digested sludges from the Sewage Treatment Plant in Albuquerque consistently contained more than 500 mg-equivalents of SDS per liter. It is impossible to predict whether this quantity will be found in all wastewater sludges, but detergents should be one of the more uniform components of wastewater. For example, a study made in Japan indicated that the methylene blue-active substances in raw sewage were consistently between 5.7 and 14 mg/liter (7) .
A fmal factor to be mentioned concerning the applicability of these results is that the temperatures and pH values of the sludge during treatment must be high enough and maintained for sufficient periods of time. It has already been shown (15) that adequate rates of reovirus inactivation may require temperatures in excess of 20°C and pH values greater than 8 in sludges containing the expected concentrations of detergents. However, the general applicability of 
